Introduction
The discovery of massive amounts of dust in luminous infrared (IR) high-z galaxies, seen less than 1 Gyr after the Big Bang (Bertoldi et al. 2003) , challenges our understanding of major dust contributors in the Universe. After only 1 Gyr, there has not been time for low-mass stars to form and evolve to the asymptotic giant branch, which accounts for about half of the dust production in the Galaxy at the current epoch (Dwek 1998) . Therefore, it has been suggested that core-collapse supernovae (CCSNe) may be significant contributors to the dust production in high-z galaxies. Surprisingly, dust mass estimates derived from the observed SEDs (spectral energy distributions) of recent SNe have been much lower than necessary to account for the dust observed in early-time galaxies. The sample of measured SNe is small but it appears that a typical Type II SN is producing only 10 −4 − 10 −5 M ⊙ of dust, well below the 1 M ⊙ needed to account for the large amounts of dust seen in the early Universe (Kozasa et al. 1989; Todini & Ferrara 2001) . SN 2004et has been found to have formed only a few 10 −4 M ⊙ of dust (Kotak et al. 2009 ). Sugerman et al. (2006) showed that larger masses (10 −2 M ⊙ ) of dust can be derived in the case of SN 2003gd if the dust is considered to be clumpy and mostly silicate, but Meikle et al. (2007) questioned these findings and derive smaller dust masses (10 −4 M ⊙ ) for SN 2003gd. Finally, Ercolano et al. (2007) , using similar methods to Sugerman et al. (2006) , did not find that large amounts of dust had condensed in the Si-poor envelope of SN 1987A.
There are three distinct signatures of dust formation in CCSNe. These include a drop in visual brightness due to increased dust extinction accompanied by an infrared (IR) excess, and the appearance of asymmetric emission line profiles caused by the greater attenuation by dust in the ejecta of redshifted emission than blueshifted emission. These signatures usually appear a few hundred days after the explosion and only SN 1987A (Lucy et al. 1989; Wooden et al. 1993) , SN 2003gd (Sugerman et al. 2006; Meikle et al. -5 -2007) , and SN 2004et (Sahu et al. 2006; Kotak et al. 2009 ) have shown all three.
A few CCSNe have shown evidence for early dust formation. SN 1998S formed dust sometime between days 140-268 (Leonard et al. 2000) , while SN 2006jc showed dust formation signatures between days 50-75 (Mattila et al. 2008; Smith et al. 2008) . The SNe which show signs of early dust formation are all of type IIn, where the ejecta interacts with the circumstellar medium (CSM) of the SN. The dust may form in a cool dense shell (CDS) between the forward and reverse shocks (Chevalier & Fransson 1994; Pozzo et al. 2004 ).
The formation of dust in the CDS allows for an additional avenue of dust formation not available in normal Type II SNe. The capability to form dust both within the SN ejecta and in the CDS suggests that these interacting systems have potential for forming dust in greater quantities than normal Type II SNe, although to date they have produced dust amounts comparable to normal Type II SNe. In this paper, we present new spectroscopic and photometric data covering 800 days of the evolution of SN 2007od, an unusual Type IIP SN that shows evidence for CSM interaction and early-time dust formation.
Observations
SN 2007od is located in UGC 12846 at a distance of 24.5 Mpc (Immler & Brown 2007) .
It was discovered on 2007 November 2 with R ∼14.4 mag (Mikuz & Maticic 2007) , and two days later was confirmed spectroscopically as a normal Type II SN most closely resembling SN 1999em at 10 days past explosion (Blondin & Calkins 2007 (Welch et al. 2007; Fukugita et al. 1996) . For each night the transformation involved a least-squares fit with a floating zero point. Late time images were obtained with the Wide Field Camera (WFC) on HST/ACS using the F435W, F606W, and F814W filters.
These images were pipeline reduced, including drizzling and cosmic ray removal, and transformations to the Johnson-Cousins BV I system were accomplished using Sirianni et al. (2005) . The large bandpass of the F606W filter includes the 6563Å Hα emission, which is the main source of the late-time luminosity. We believe this causes the transformed Johnson V magnitude from HST to appear brighter than the V magnitude obtained from the Gemini transformations. In the Gemini filter set, r ′ contains the Hα flux, and is a very small component to the Johnson V transformation but a large component to the R transformation. Therefore the R magnitude from Gemini would contain the Hα emission whereas Hα would be present in the V magnitude from HST.
A BV RI photometric sequence of tertiary standard stars (shown in Figure 1) Figure 2 . Uncertainties for the Gemini images were calculated by adding in quadrature the transformation uncertainty quoted in Welch et al. (2007) , uncertainty from photon statistics, and the zero point deviation of the standard stars for each epoch. The HST uncertainties consist of the transformation uncertainty from Sirianni et al. (2005) and the uncertainty from photon statistics added in quadrature. We used the narrow Na I D absorption seen in the day -7 -10 spectrum of SN 2007od (described below) to estimate the foreground extinction. The equivalent width of the blended Na I D lines is 0.50 ±0.05Å. This corresponds to A v ∼0.39 ±0.04 (Barbon et al. 1990) . Since the value is small, the photometry presented in Figure 2 and Table 2 have not been foreground corrected.
For the first three Gemini/GMOS South epochs, three integrations of 900s were obtained in longslit mode using grating B600 and a slit width of 0. after that time and we extrapolate the slope of the 56 Co decay backwards into the gap (days 82-232) when no photometry is available, we find that the V brightness fades a minimum of 4.5 mag over the typical twenty day drop period (Elmhamdi et al. 2003a ). Woosley & Weaver (1986) , and more recently (Kasen & Woosley 2009) constant brightness has been maintained from day 672, the difference in an extrapolated 56 Co decay is then ∼2.2 magnitudes in V . At late times, the Gemini and HST V magnitudes differ significantly due to differences in the filter bandpasses as discussed in Section 2.
However, the constancy of the three epochs of HST/ACS V and I photometry from day 659 to 811 show that the flattening of the lightcurve is real. It is likely being caused by a light pulse from the SN reflecting off of surrounding material and creating a light echo.
Given the distance of the SN (24.5 Mpc), platescale of the WFC detector (0. ′′ 05 pix −1 ) and FWHM of the stellar PSF (1.9 pix), a source could have a spatial extent on the plane of the sky of up to 0.12 ′′ or 46 lt-yr and still be unresolved on the detector. In particular, we find through experimentation that a source with the flux of this SN and with a FWHM up to 1.2 times that of the PSF will not leave detectable residuals when subtracted away, therefore we allow the physical size of the emitting region to be up to 0.12 ′′ . Using the light echo equation (Couderc 1939; Sugerman 2003) , dust could be up to 475 lt-yr in front of the SN on day 811 and still remain unresolved in the HST imaging. Thus, the echoes could be produced from either circumstellar or interstellar dust. Given that the foreground -10 -extinction to the SN is low (A V ∼ 0.4), any dust producing a light echo should be optically thin. Typically, the contribution from a light echo becomes significant when a SN has faded ∼8 mag from maximum (Patat et al. 2006) . SN 2007od was more than 10 mag below maximum light by day 672 when the contribution of the echo to the lightcurve became significant. A qualitative comparison of the lightcurve and evolution at late times of SN 2007od to models by Patat (2005) suggest that the echo is more likely due to an interstellar sheet than circumstellar dust. We discuss possible contributions of an echo to the spectral evolution of SN 2007od in Section 3.2.
As seen in Figure 2 , the evolution of the V − I colors is normal for a dust forming other SNe. The lack of change in the V − I color evolution indicates that, in general, the color evolution is not sensitive to dust formation. This is likely caused by either a very small amount of dust being formed, or larger amounts forming in clumps. If the dust is clumpy, then the color evolution would not reflect the optical depth of dust present and the colors would not be as reddened as they would be if the dust were uniformly distributed e.g., Witt & Gordon (1996) .
Spectral Evolution
The spectral evolution of SN 2007od shows behavior not previously seen in other
SNe. Figure 3 shows the full optical spectrum of SN 2007od at 10, 232, and 458 days.
Early-time spectra showed SN 2007od to be a normal Type II SN with a blue continuum, velocity at ±1500 km s −1 and the third, which becomes more prominent at later epochs, lies at -5000 km s −1 . We should note that the narrow emission at zero velocity is HII emission from the host galaxy not associated with the SN. Underlying the three intermediate width components, the broad Hα emission present in the early-time spectra can still be seen, and it is likely that it is responsible for the broad red wing of the Hα emission profile (see was attributed to dust formation (Gerardy et al. 2000) . The timescale for the evolution of the SN 1998S spectrum is similar to that of SN 2007od, which showed a single broad Hα emission component from days 10-114, followed by a period (114-232 days) when the SN was unobservable, and finally the emergence of multiple-component emission by day 232. In SN 2007od, the blueshifted component at -1500 km s −1 is much stronger than its corresponding component at +1500 km s −1 . Like SN 1998S, the simplest explanation for this asymmetry is that newly formed dust is extinguishing the redshifted, far-side emission more than the blueshifted, near-side emission. The ratios of the inner peak heights would require an optical depth of approximately 1.0 at Hα for the asymmetry to be attributable to dust attenuation. If the dust existed in the CSM before the SN explosion, then it would lie outside of the ejecta and all of the emission components would be equally reddened. It is thought that the outer peaks in the Hα profile of SN 1998S originated in the interaction of the ejecta with a circumstellar ring or torus (Gerardy et al. 2000; Leonard et al. 2000; Pooley et al. 2002; Pozzo et al. 2004; Fransson et al. 2005 ). If we assume the same is true of the asymmetric inner peaks of SN 2007od, then there must be dust between the source of the near-side (blueshifted) and the far-side (redshifted) emission components in the torus ( Figure 6 ). Moreover, if this dust is forming in the CDS, as was suggested by Pozzo et al. (2004) for SN 1998S, then the emission would likely be coming from a radiative forward shock (Pozzo et al. 2004; Fransson et al. 2005) as one would expect equal attenuation of both redshifted and blueshifted emission originating in the reverse shock (see Figure 6 ). It In SN 2007od, the ±1500 km s −1 peaks appear sometime between day 114 and 232.
Given the maximum velocity of the ejecta of 10000 km s −1 , this constrains the distance of the inner radius of the CSM responsible for these profile peaks to ∼700-1300 AU.
Assuming a progenitor wind of 10 km s −1 , this CSM was formed during a mass loss event ending 300-600 years prior to the SN explosion. With the emergence of the -5000 km s
components between days 114 and 309, a similar analysis places this CSM at 700-1700 AU and the formation period between 300-800 years prior to explosion.
The appearance of the asymmetric components between days 114 and 232 implies that dust formation began much earlier than typically seen for non-interacting CCSNe. These
SNe (SN 1987A, 2003gd, 2004et) showed developing asymmetries between days 300 and 600 post explosion due to dust condensation in the ejecta (Lucy et al. 1989; Sugerman et al. 2006; Sahu et al. 2006) . Furthermore, the [Ca II] λ7291 emission profile in the day 458 spectrum shows only the one broad component, with no intermediate-width components present ( Figure 3 ). This implies that the complex emission seen in Hα is arising in the hydrogen-rich CSM lost from the star before the explosion and not in the metal-enriched ejecta (Gerardy et al. 2000) . These observations are more consistent with dust formation in the CDS as has been suggested in SN 1998S (Pozzo et al. 2004; Fransson et al. 2005 ).
The Hα profile of SN 1998S also showed a third peak near zero velocity that has been attributed to the interaction of the ejecta with a spherical distribution of shocked CSM clouds (Gerardy et al. 2000; Leonard et al. 2000; Pooley et al. 2002; Pozzo et al. 2004; Fransson et al. 2005 ). In the case of SN 2007od, Figure 4 also shows the emergence of a third peak at -5000 km s −1 that was hidden by the broad ejecta emission on day 232. This is increasing as the inner pair of emission components (± 1500 km s −1 ) slowly disappear.
i = 90
• is edge-on -15 -Again if we assume the SN 1998S scenario, then this is explained by the ejecta moving through, and completely destroying, the torus but not the blob. The underlying broad component is also present at all epochs. The broad component is likely a combination of the residual ejecta emission and, given the flattening of our lightcurve ∼10 mag below maximum, a light echo. The contribution to the total broad component by the light echo is expected to grow with time as the ejecta emission fades. Based on the lightcurve, on day 238 the light echo flux would be ∼ 20x fainter than the directly transmitted ejecta emission, and on day 348 the echo would still be ∼8x fainter. However, by day 672/699, the echo flux will likely be greater than the directly transmitted ejecta emission. Therefore the echo should not be a major contributor to the Hα profile at early times, but would be a major contributor of the late-time profile. Figure 4 shows the fits to the day 232 and 348 Hα profiles. We have used Gaussians to approximate the intermediate width peaks
and a scaled day 50 spectrum to approximate the residual ejecta emission. We should note that the scaled day 50 spectrum is only an approximation to the day 232 and 358 ejecta emission. Realistically, in addition to fading over time, the profile would likely lose its P Cygni absorption, and its overall width would likely decline. The flat-topped profile of the -5000 km s −1 component is shown to be well fit by two intermediate width Gaussians possibly due to density enhancements within the CSM cloud or blob. At later times the profile becomes too complex to fit. On days 458 and 672/698, the -5000 km s −1 peak begins to dominate and its two component nature becomes more clear. Moreover, there is a continuing fading of the inner peaks to the point where they disappear into the broad emission by day 672/698. As previously mentioned, by this last epoch, the broad emission is a combination of the light echo spectrum and the weak residual ejecta emission. However, the residual flux beyond 5000 km s −1 is unlikely to originate from either of these two sources and remains unexplained. There is also an indication that the radial velocities of both sets of components get smaller with time. This is similar to the behavior of the blue component -16 -of SN 1998S which moved to smaller velocities from day 249 to day 658, and was explained as an interaction of the shock with more massive sections of CSM (Pozzo et al. 2004 ).
Radiative Transfer Modeling
The SEDs of SN 2007od shown in Figure 5 all show strong IR excesses attributable to warm dust. The SED at 300 days can be fitted well by the sum of a blackbody with a temperature of 5100 K representing hot, optically-thick gas in the ejecta and a modified blackbody with a temperature of 580 K subject to a λ −1 emissivity law representing the dust. A similar fit to the day 455 SED uses a 5100 K blackbody and a 490 K modified blackbody, and for day 667 a 5100 K blackbody and a 600 K modified blackbody. The fits are shown in Figure 5 and the relevant parameters are compiled in Table 4 . The IR emission could arise from pre-existing dust in the CSM, and/or new dust condensing in either or both of the CDS and the ejecta itself. IR echoes from pre-existing CSM dust heated by the early-time luminosity are often seen in other SNe. The position of the dust in SN 2007od cannot be inferred from IR observations alone, but when combined with the evidence provided by the asymmetry in the Hα emission components, it suggests that the IR emission is coming from dust forming in the ejecta or the CDS, and not from an IR echo. The very early onset of dust formation (between 114-232 days) further suggests that the dust formation is occurring in the CDS since the ejecta at this time would still be too warm for dust condensation (Kozasa et al. 1991) .
In order to better understand the amount and composition of the dust forming within SN 2007od we used our 3D Monte Carlo radiative transfer (RT) code MOCASSIN (Ercolano et al. 2005 , and references therein). For the purposes of our RT models we will assume the dust and source luminosity is spread throughout a spherical, expanding shell with an inner radius, R in , and an outer radius radius, R out . The luminosity at each location -17 -is proportional to the local density. With this simple model, we can quantify the total amount of dust in the system as a whole (ejecta + CDS) and monitor its variation from day 300 to 667. We have modeled two different dust distributions. Following radiative transfer models of other Type II SNe (Sugerman et al. 2006; Ercolano et al. 2007) , the "smooth" model for SN 2007od has the dust uniformly distributed throughout the shell according to a r −2 density profile, while the "clumpy" model reflects an inhomogeneous distribution of spherical clumps embedded within an interclump medium of density ρ. The irradiating photons are only produced in the interclump medium, while the clumps are assumed to be dark (see Ercolano et al. (2007) for further discussion of this issue). We have adopted a standard grain size distribution of a −3.5 between 0.005 and 0.05 µm (Sugerman et al. 2006; Meikle et al. 2007; Kotak et al. 2009 ) and have tested two different concentrations, i.e. a dust model dominated by silicates (75% Si; 25% AC) and one dominated by amorphous carbon (75% AC; 25% Si). For each of these models, we used the optical grain constants of Hanner (1988) and Draine & Lee (1984) , respectively.
The main input parameters for the model are the ejecta temperature and luminosity, the inner and outer radii of the shell, and the mass of dust present. Initial values of the luminosity, temperature, and approximate size of the dust shell are based on the results of our blackbody analysis above. Tuning the dust mass, along with slight variations in the other parameters, allowed us to obtain a good fit to the optical and Spitzer/IRAC points for the first two epochs. We should point out that without the 5.8 and 8.0 µm data on day 667, we were unable to make reliable constraints on the dust mass at this epoch. The best fit to the data was obtained with a smooth dust distribution and is shown in Figure 5 and the corresponding input parameters are listed in Table 5 . This table also lists the dust mass calculated by our clumpy model.
Although no attempts were made to fine tune the models to match the 16 and 24 µm -18 -flux upper limits on day ∼455, care was taken to ensure that our preferred model did not predict emitted fluxes that would have been detected given our experimental setup. We found that we were unable to account for this relatively low flux at 16 and 24 µm with compositions dominated by silicate dust (see Figure 5 ). All other parameters being equal, transitioning from amorphous carbon dust to silicate dust has the effect of broadening the IR peak as the SED will then be increased by strong silicate emission features at 10 and 18 µm. These two emission bumps are clearly seen in the Si model in Figure 5 . The conclusion is that the silicate dominated model predicts too much flux beyond 10 µm at day 455 leading us to favor the amorphous-carbon dominated model with 75% AC and 25%
Si. Given this concentration, our best smooth model predicts a total of 1.7 x 10 −4 M ⊙ and 1.9 x 10 −4 M ⊙ of dust on days 300 and 455, respectively, with an increase in τ v from 1.5 to 2.0 over the two epochs. This implies a total of 2 x 10 −5 M ⊙ of new dust forming between day 300 and 455 after explosion. The values of τ at 6600Å predicted by our MOCASSIN fits were 1.3 and 1.8 for days 300 and 460, respectively. These opacities are adequate to explain the inner peak height ratios discussed in Section 3.2. Although the constraints were less reliable on the dust mass at day 667, we were able to show that the available data is consistent with our previous epochs with a predicted dust mass of 1.8 x 10 −4 M ⊙ and τ v = 2.75. The best clumpy model gave a total dust mass of 2.5 x 10 −4 M ⊙ and 4.2 x 10 −4
M ⊙ on days 300 and 455/667, respectively, implying the formation of 1.7 x 10 −4 M ⊙ of new dust formed. In each case, the quantity of dust formed is several orders of magnitude lower than that required to contribute significantly to the dust budget of the early universe 
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), both based on the same data. There seems to be a significant variation in the amount of dust produced from SN to SN, but none of them approach the ∼1 M ⊙ of dust per SN needed to account for the massive amounts of dust seen in early-time galaxies at high red-shift (Kozasa et al. 1989; Todini & Ferrara 2001) . Therefore, in the few dust-forming Type II SNe that have been observed, there is no evidence that these objects are major contributors to the dust-rich early galaxies seen at high redshift. The sample is still very meager, and more such SNe need to be observed with good temporal and wavelength coverage. Monitoring of SN 2007od is continuing in the optical and IR.
We would like to thank the anonymous referees for valuable suggestions which have improved this paper. We would also like to thank Stéphane Blondin, Robert Kirshner, -28 - Table 4 . Optical data was fitted with a simple blackbody while the IR data was fitted with a modified blackbody subject to a λ −1 emissivity law. Right: The corresponding best fit MOCASSIN dust models for each epoch. The best fits reflected a smooth distribution of 75% AC dust (solid lines). For comparison, the best fit 75% silicate model for day 455 (dashed line) is shown and predicts too much flux past 10µm. MOCASSIN input parameters are shown in full in Table 5 for each model. and Fox et al. (2009) ). The inner ±1500 km s −1 components may come from the forward shock created when the SN ejecta plowed into a central CSM ring, and the outer -5000 km s −1 component from the ejecta interacting with a blob of CSM out of the plane of the central ring. If the dust is forming in the CDS between the shocks, then the emission coming from the forward shock at the CSM ring explains why the near-side emission is less reddened than the far-side emission. See text.
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A. Tertiary Standards for UGC 12846
The photometric sequence of tertiary standard stars used for both SMARTS and
Gemini photometry (Table 6) field derived from this night's observations is accurate on the 1-2% level depending on filter. 
